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Abstract There has, in recent years, been a major revival
of interest in glass- and glass–ceramic-to-metal seals and
coatings for new applications. Experience dictates that
many factors need to be taken into consideration in the
successful design and manufacture of high-quality seals,
particularly if an adequate component lifetime is to be
achieved. For example, during their preparation, undesir-
able reactions may occur between diffusing metal species
and glass constituents, and these can lead to the formation
of highly localized internal stresses, which can initiate
failure of a seal either during manufacture or, more seri-
ously, whilst in service due to the influence of static fati-
gue. In the case of high-temperature systems, reactions
under hostile operating conditions also need to be taken
into consideration. In this review, the factors learnt from
past experience that influence the formation and lifetime
behaviour of glass and glass–ceramic/metal systems are
briefly introduced, and their relevance to the newer appli-
cations including solid oxide fuel cell sealants and coatings
on titanium for biomedical applications is discussed.
Introduction
That glass, under suitable conditions, will bond well to a
wide variety of metals and alloys has long been recognized,
and this has led to the development of many useful prod-
ucts [1]. It was subsequently demonstrated that superior
products can be manufactured using glass–ceramic
materials [2], and many applications have also been found
for these [1]. Glass–ceramics combine the generally
superior properties of crystalline ceramics with the ease of
processing of glass [3, 4]. Major attributes of glass–
ceramics include more refractory behaviour and superior
mechanical properties, relative to glass, coupled with good
bonding characteristics to metals, with one of the major
qualities being an ability to tailor their thermal expansion
characteristics. This makes glass–ceramics in particular
ideal candidates for sealing and coating applications where
compatible thermal expansions are essential.
There has, in recent years, been a major revival of
interest in glass- and glass–ceramic-to-metal seals and
coatings for new applications; for example, complex min-
iature and light-weight electrical and electronic compo-
nents, high-temperature sealants in solid oxide fuel cells,
SOFC, and seals and coatings to Ti and its alloys for bio-
medical applications [1]. This renewed interest and
potential use of glass–ceramics in advanced applications
makes it timely to review recent developments and to
revisit our understanding of the factors that can influence
component quality. This article reviews the new advance-
ments in glass and glass–ceramic/metal seal systems with
particular reference to SOFCs, other high-temperature seal
applications and seals to titanium and its alloys primarily
for biomedical applications. Factors that can affect the
lifetime behaviour of these systems are reviewed from past
and recent experience, with particular emphasis given to
the influence of interfacial reactions on seal quality and
lifetime behaviour. Steps that can be taken to enhance
lifetime behaviour through control of these reactions are
outlined and discussed. Recent studies on sealing to the
pure metals Fe, Ni and Cr are also covered, this work being
aimed at gaining a better understanding of the diffusion and
reaction behaviour of individual metallic species found in
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common practical alloy systems including stainless steels
and Ni-based superalloys.
Practical aspects of glass- and glass–ceramic-to-metal
component design and manufacturing technologies
Glass- and glass–ceramic-to-metal bonding
Glass-to-metal bonding is traditionally a fusion technique
with the glass melted in contact with the metal parts to be
joined or sealed to. On melting the glass, it is allowed to
flow into the metal parts where it wets the surface and
reacts to form an interface [1]. In the case of glass–cera-
mic-to-metal seals, the melting stage is usually followed by
a two-stage nucleation and crystallization sequence to form
a glass–ceramic material with thermal expansion charac-
teristics ideally matched to those of the metal parts. In
general, the same crystalline phases are produced regard-
less of whether the glass–ceramic is prepared as part of a
seal or is made as a bulk material using the standard
nucleation and crystallization stages. Sometimes, however,
following a sealing cycle does not produce the same results
as the conventional two-stage heat treatment, and therefore
it should never be assumed that the properties of a bulk
glass–ceramic will be the same as those produced as part of
a seal or coating [1, 5]. When choosing a specific glass–
ceramic for a seal application, it is therefore best practice
that a simulated sealing cycle is employed in the initial
development process.
Design of seals and joints
Historically, glass-to-metal seals have been assigned to one
of four major types [6]: matched thermal expansion seals,
unmatched expansion seals, soldered seals and mechanical
joints, although the latter two are hardly ever practiced
today. The importance of design should not, however, be
underestimated. Bad design is usually associated in par-
ticular with any mismatch in coefficient of thermal
expansion producing tensile stresses in the glass/ceramic
component. These usually manifest themselves as cracks
emanating from the interface into the bulk of the glass/
ceramic, although if the stresses are not high enough to
cause cracking initially, time-dependent failure may occur
due to the influence of static fatigue. A good design takes
consideration of any possible mismatch in thermal expan-
sion and seeks to place the interface in compression [7].
When designing components it is therefore important to
understand the relationship between the physical properties
of the bulk materials, the potential for any interfacial
reactions and the final stress state of the bonded compo-
nent, as discussed in the next section.
Ageing mechanisms and factors affecting the lifetime
behaviour of glass- and glass–ceramic-to-metal seals
Many additional factors need to be taken into consideration
in the successful design and manufacture of high-quality
glass–ceramic-to-metal seals if adequate lifetime behaviour
is to be achieved [1]. For example, in order for a glass–
ceramic to form a mechanically strong, adherent and if
necessary hermetic seal to a metal or alloy a number of
specific criteria must be met, as discussed below.
Thermal expansion mismatch and interfacial reactions
To remain hermetic and/or mechanically robust, a seal
must exhibit strong bonding at the interface. It is also
recognized that residual stresses must be kept as low as
possible and must be predominantly compressive in nature,
in order to prevent the formation of undesirable tensile
stresses in the seal after cooling from the fabrication tem-
perature or during subsequent thermal cycling. This
requires that not only the thermal expansion characteristics
of the metal and bulk glass–ceramic are closely matched,
but also that interfacial reactions are kept to a minimum
and do not lead to the formation of reaction products and
precipitated phases with thermal expansion or elastic
characteristics that differ markedly from those of the bulk
phases, the formation of which may lead to unacceptably
high residual stresses within the interfacial reaction zone.
In addition, reaction between diffusing metallic species and
glass constituents, including the nucleating agents
employed for specific glass–ceramic systems, must be
avoided [1, 3, 4, 8, 9]. One example of an undesirable
reaction is that which may occur between Fe or Cr, a
constituent of many common metallic alloys, and P2O5,
employed as a nucleating agent in various glass–ceramic
systems, leading to the formation of iron and/or chromium
phosphide precipitates within the interfacial region [1].
22 Cr=Feð Þ þ 3P2O5 ! 6 Cr=Feð Þ2P þ 5 Cr=Feð Þ2O3 ð1Þ
9 Cr=Feð Þ þ P2O5 ! 2 Cr=Feð Þ2P þ 5 Cr=Feð ÞO ð2Þ
Any reactions that do occur may reduce the effectiveness
of the nucleating agent, and this can result in the formation of
a coarse microstructure in the interfacial region, or a region
with a high-proportion of residual glass. In either case, the
thermal expansion characteristics in the interfacial region
will differ from those of the bulk glass–ceramic and this will
again lead to the generation of highly localized residual
stresses which, if high enough, may lead to failure of a seal by
de-bonding at the interface or by fracture through the glass–
ceramic, either during manufacture or shortly afterwards;
however, even if the residual stresses are not high enough to
initiate cracking in the short term, they may, in the longer
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term, give rise to delayed failure as a result of thermal cycling
and/or due to the influence of static fatigue. Any mismatch in
thermal expansion between the glass–ceramic and the metal
is therefore expected to play a significant contribution to the
lifetime behaviour of seal components.
Clearly, a thorough understanding of the relevant glass–
ceramic/metal interactions is therefore essential in order
that steps can be taken to avoid, or at least minimize,
reactions within the interfacial region that may lead to
localized modifications of the glass–ceramic microstruc-
ture. Failure of the metallic components very rarely occurs
because stresses can normally be accommodated by plastic
flow of the metal.
Influence of water
Another factor which may influence the lifetime behaviour
of a seal component involves the presence of water in the
starting glass. Normal glass can contain not insignificant
quantities of dissolved water, typically 0.02–0.06 mass%.
It was noted by Haws et al. [10] that this can affect seal
quality through thermodynamically favourable reactions
between the water and diffusing metallic species, in par-
ticular Cr, to yield hydrogen gas (at 1300 K):
Cr þ 3=2H2O ! 1=2Cr2O3 þ 3=2H2"
DGoð ¼ 129 kJ=moleÞ ð3Þ
It was observed that seals prepared using starting glass
with higher dissolved water contents contained more
bubbles, but that a number of methods could be used to
minimize the deleterious influence of water. These
included melting under dry conditions; for example, by
bubbling dry gas through the melt; and/or using dry starting
constituents or materials low in water, e.g. Li3PO4 as a
source of P2O5 in preference to NH4H2PO4; or by use of
specific additives that would react preferentially with Cr
during seal manufacture, e.g. CuO:
Cr þ 3CuO ! 1=2Cr2O3 þ 3=2Cu2O
DGo ¼ 381 kJ=moleð Þ ð4Þ
In addition to Cr, reaction of water with many other
metals commonly found in commercial alloys is also
thermodynamically favourable; for example (at 1300 K):
Y þ 3=2H2O ! 1=2Y2O3 þ 3=2H2"
DGoð ¼ 501 kJ=moleÞ ð5Þ
Ti þ 2H2O ! TiO2 þ 2H2" DGo ¼ 355 kJ=moleð Þ ð6Þ
Ta þ 5=2H2O ! 1=2Ta2O5 þ 5=2H2"
DGoð ¼ 298 kJ=moleÞ ð7Þ
Seals and coatings containing bubbles are not only
weakened mechanically, but their lifetime behaviour will
also be affected through the generation of enhanced
fracture paths.
Early studies on sealing glass and glass–ceramics
to specific metal alloy systems
Experience gained from earlier studies, including the
influences noted in ‘‘Ageing mechanisms and factors
affecting the lifetime behaviour of glass- and glass–cera-
mic-to-metal seals’’ section, should not be overlooked
when designing new systems, as many lessons have been
learnt in the past of direct relevance to new and future
developments. Some additional earlier studies of relevance
to new and future investigations are covered below.
Fe-based alloys
The thermal expansion of Fe-based alloys covers a very
wide range from \3 9 10-6/K over limited temperature
ranges for some binary Fe–Ni alloys to [18 9 10-6/K for
some stainless steels. A wealth of early information exists
on the vitreous (porcelain) enamelling of iron-based alloys
[11] to which the reader should refer to for an historical
perspective. In the case of glass–ceramic coatings, it has
been noted that pre-oxidation of mild steel in air can give
rise to non-stoichiometric FeO. On forming a seal, rapid
diffusion of Fe2?, which is a glass modifier and is highly
soluble and mobile, can lead to the formation of a diffusion
gradient and a corresponding variation in thermal expan-
sion within the interface [12]. This in turn gives rise to a
stress gradient which is likely to be detrimental to the
lifetime behaviour of this system. In view of the high
solubility of Fe2?, careful control over the processing
conditions and sealing atmosphere is required in order to
achieve a satisfactory product, with formation of Fe2O3
rather than FeO being favoured. This highlights the need to
ensure the formation of an appropriate substrate oxide in
any sealing operation; i.e. an oxide exhibiting limited
solubility and diffusion into the glass sealant.
Both lithium zinc silicate (LZS) and lithium alumino-
silicate (LAS) glass–ceramics have been successfully
sealed to a number of different alloys in the manufacture of
electrical feed-through components [1, 5]. It was observed
that extensive interfacial reactions may occur during this
process to give a variety of precipitated products, as
illustrated in Fig. 1. Expanding on Haws’ work, it has been
found that the influence of transition metal oxide additions
to the starting glass can exert a very beneficial dual effect
on the interfacial chemistry, not only by minimizing the
undesirable effects of water reactions, but also by reducing
the detrimental effects of reactions between diffusing metal
species and glass–ceramic constituents to form undesirable
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precipitated phases. For example, the reaction between
CuO in the glass and Cr or Fe diffusing into the interfacial
region is more favourable thermodynamically than the
reactions between Cr and Fe with the glass nucleating
agent, P2O5.
Addition of CuO to the starting glass is therefore par-
ticularly beneficial, leading to a relatively thin oxide layer
and a total absence of precipitated phases, as seen in Fig. 2,
which shows a seal between stainless steel and LZS glass
containing a 2 mol% CuO addition. It may be concluded
that use of specific additives presents a particularly useful
and relatively straightforward method by which to modify
the interfacial chemistry of glass or glass–ceramic/metal
systems.
In addition to composition modification it is also pos-
sible in some instances to influence the resulting interfacial
chemistry simply by changing the heat-treatment schedule,
although it should be appreciated that this is only viable if
the thermal expansion of the glass–ceramic is not adversely
affected by such a change. In many instances this will not
be feasible because the thermal expansion behaviour of a
given glass–ceramic may be very dependent not only on
the precise crystallization temperature but also on the
actual sealing temperature, and there may only be rela-
tively narrow processing windows which yield the required
expansion characteristics [1, 5]. In other cases, pre-oxida-
tion of the metal prior to sealing may also influence the
diffusion of undesirable metallic species from the substrate,
as illustrated by Fig. 3. All of these factors need to be taken
into account in the preparation of a suitable seal.
Ni-based superalloys
Nickel-based superalloys cover a more limited thermal
expansion range from \12 9 10-6/K for Hastelloy B2 to
[16 9 10-6/K for Inconel 718. As reviewed by Donald,
extensive work has been reported on the sealing of glass–
ceramics to a variety of Ni-based superalloys [1, 5]. For
example, Hong and Holland [13] noted that in the
absence of a pre-oxidation stage, glass–ceramic coatings on
Nimonic 263 alloy were coarse grained. This was believed
to be caused by the formation of CrO at the interface fol-
lowed by reaction of diffusing Cr2? with the P2O5 nucle-
ating agent. On the other hand, pre-oxidation of the
substrate yielded Cr in the Cr3? oxidation state, which is
considerably less mobile than Cr2?, and therefore reaction
with P2O5 was avoided, resulting in a fine grained micro-
structure. In studies by Donald [1, 5], a variety of Ni-based
superalloys have been sealed to a lithium zinc silicate
glass–ceramic. Particularly good seals were achieved to
Hastelloy C276 alloy, as seen in Fig. 4. It is again clear that
Fig. 1 Seal between LZS glass–ceramic and stainless steel. Note the
presence of iron phosphide precipitates (A) and a chromium silicide-
rich interface (B)
Fig. 2 As Fig. 1 but with starting glass containing CuO additive.
Note the absence of interaction products and a thin chromium oxide-
rich interface
Fig. 3 As Fig. 1 but bonding to pre-oxidized stainless steel. EDS line
scans for Cr
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many factors need to be taken into account in the prepa-
ration of a suitable seal and whether or not to pre-oxidize
may not be a straightforward question.
Ti and Ti-based alloys
The initial impetus for research into Ti and its alloys was
provided by a demand in the 1950s for new materials with
high strength to weight ratios for the aerospace industry. Its
major use is still within the aerospace industry for both
engine and airframe parts [14, 15]. Chemically, Ti metal is
relatively reactive; for example, it is pyrophoric when
finely divided. In bulk form, however, it is remarkably
resistant to chemical corrosion due to the formation of a
dense, adherent and self-healing oxide film. The resistance
to corrosion provides the second major use of Ti in the
chemical industry where high-corrosion-resistance is
required [16–18]. The final major use is for orthopaedic
implants where the mechanical properties, inertness and
non-toxic behaviour of Ti combine to make it a reasonably
acceptable biomaterial [19].
The thermal expansion of pure Ti is 9.2 9 10-6/K over
the range 0–860 C, but it undergoes an a-to-b-phase
transformation at 882 C, from a low-temperature hcp phase
to a high-temperature bcc phase, and this is accompanied by
a significant volume change. Alloying with other metals to
form solid solutions can stabilize either the a- or b-phase.
The a-phase exhibits greater toughness and fatigue resis-
tance, whilst the b-phase offers superior creep resistance.
Mixed a/b alloys provide a useful compromise of properties
and include the widely used Ti6Al4V alloy with a thermal
expansion of 9.1–9.8 9 10-6/K.
There are three important factors to consider which
make the development of a glass- or glass–ceramic-to-metal
seal involving Ti a significant challenge. First is the
formation of an oxide scale with a brittle sub-surface layer
which can result in surface cracking; this limits the service
temperature of titanium and its alloys to approximately
590 C in air. The second factor involves the allotropic
phase transition at 882 C; therefore, either a low-sealing
temperature or a phase stabilized alloy is required. The
third factor is the high reactivity of titanium with respect to
the glass, and this can result in severe interfacial reactions.
Some of the early studies on sealing to Ti alloys, from
which important knowledge has been gained, include the
following.
Silicate-based glasses
A variety of glass compositions have been investigated for
sealing to titanium, as summarized in Table 1. It has been
noted that high-quality seals to titanium and its alloys
cannot generally be achieved using conventional silicate
sealing glasses [1]. The predominant cause of this is the
occurrence of interfacial reactions between the Ti and the
glass. The free energy of oxidation of Ti is very low (DG0
at 1273 K is -677.8 kJ/mol), making Ti very susceptible
to oxidation by the glass under sealing conditions. A study
of the Ti–Si–O system at 1373 K by Goldstein et al. [20]
has shown SiO2 to be in equilibrium with TiO2, Ti5Si3 and
TiSi. Sealing of Ti to a silicate-based glass typically leads
to the following reaction:
8TiðmetalÞ þ 3SiO2ðglassÞ ! Ti5Si3ðinterfaceÞ þ 3TiO2ðinterfaceÞ:
ð8Þ
The reactions between titanium and glass have been
reported in a number of studies. For example, Passerone
et al. [21] investigated the reaction between Ti and molten
sodium disilicate glass at 1100–1400 C. The effect of
doping with TiO2 and La2O3 on sealing behaviour was also
assessed. They observed the formation of a Ti5Si3 inter-
metallic phase, as would be expected, and noted that this
forms a eutectic with Ti at 1330 C, whilst at higher
temperatures, a liquid phase containing 15–20 at.% Si
dissolved in Ti forms. Qualitative analysis of the adhesion
between the Ti metal and the glass showed the seal to be
‘very poor’. For the TiO2 containing glass, adhesion was
found to be dependent on the extent of reactions at the
surface, i.e. the holding time. The seal with the La-doped
glass was found to be ‘fairly good’ and attributed to the
presence of very fine precipitates which gave a continuous
structural transition from metal to glass. McColm and
Dimbylow also investigated the wetting behaviour of
sodium disilicate glass on Ti metal at 1000 C [22]. They
reported a sublimate of sodium and silicon in the furnace
after the sealing. In addition, the underside of the glass
bead after reaction was found to be black, in contrast to the
Fig. 4 Seal between LZS glass–ceramic and Hastelloy C276 alloy.
EDS line scan for Cr
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clear glass before reaction. X-ray diffraction of the black
layer indicated the presence of crystalline TiO2, Ti2O3 and
Ti4O7 in the glass matrix. The adhesion of the glass to the
titanium was found to be poor, with the contraction stresses
on cooling sufficient to break the bond.
Using thermodynamic data on the free energy of
reaction of Ti with a number of oxides, Sitnikova et al.
[23] identified a number of oxides that should reduce the
corrosion of Ti by molten glass. Experiments confirmed
that the addition of Li2O, BeO, CaO, SrO, BaO and CeO2
did indeed limit corrosion. Similarly, substitution of oxi-
des in the glass by less reactive oxides, for example,
replacement of Na2O by B2O3, MnO or ZnO, also mini-
mized corrosion.
A comprehensive investigation of sealing between lith-
ium silicate-based glass–ceramics containing P2O5 as a
nucleating agent and Ti metal to form protective coatings
was reported by Hong [24], Holland et al. [25], and Hong
and Holland [26]. The glass–ceramic compositions
involved small additions (typically less than 5 mass%) of
Al2O3, K2O, ZnO and P2O5. The exact compositions and
thermal treatments were tailored to give a coefficient of
thermal expansion close to that of Ti. Sealing of the glass
to both clean and pre-oxidized titanium surfaces at tem-
peratures up to 1000 C for up to 40 min in an argon
atmosphere was performed. In the case of the clean Ti
surface, the presence of Ti5Si3 was observed, possibly via
reaction (8), or alternatively by:
5TiðmetalÞ þ 3SiO2ðglassÞ ! Ti5Si3ðinterfaceÞ þ 3O2": ð9Þ
The evolution of gaseous oxygen resulted in a very
porous coating. Further reactions involving the P2O5
nucleating agent and the evolution of oxygen were also
noted to be favourable; for example:
Table 1 Some glass compositions investigated for general sealing and coating applications (mass%)
Glass code Composition (mass%) Reference
Li2O Na2O K2O MgO CaO BaO ZnO B2O3 Al2O3 SiO2 P2O5 Others
Ti seals
Ti1 – 6–14 – – 22–26 – – – 4–9 50–58 – – [125]
CABAL-12 – – – – 15.9 – – 43.8 28.9 – – – [28]
CABAL-17 – – – – 40.5 – – 30.1 29.4 – – – [28]
BABAL-1 – – – – – 43.9 – 26.6 9.7 – – 19.8 SrO [28]
0080 – 17.0 – 4.0 5.0 – – – 1.0 73.0 – – [28]
TM-9 – 7.8 5.2 – – 6.3 – – 2.6 78.1 – – [28]
Ti coatings
Bioglass – 24.5 – – 24.5 – – – – 45.0 6.0 – [31]
A3 – 12.0 4.0 8.5 15.0 – – – – 54.5 6.0 – [31]
6P44-a – 23.6 6.5 7.1 12.6 – – – – 44.2 6.0 – [33]
6P50 – 15.5 4.2 8.9 15.6 – – – – 49.8 6.0 – [33]
6P61 – 10.3 2.8 7.2 12.6 – – – – 61.1 6.0 – [33]
6P68 – 8.3 2.2 5.7 10.1 – – – – 67.7 6.0 – [33]
AWC – – – 1.92 48.2 – – – 1.9 33.3 13.3 0.03CaF2; 1.35 ‘others’ [143]
SCP – 10.3 2.8 7.2 12.6 – – – – 61.1 6.0 – [133]
SAF – – 10.5 – 19.6 – – – 17.9 26.2 17.5 8.3F- [133]
2 – 16.9 – – – – – – – 58.3 – 24.8 TiO2 [21]
Alternative seals and coatings
Basalt – 4.76 1.64 6.62 9.28 – – – 18.20 45.88 1.04 9.95Fe2O3 2.63LOI [124]
Nimonic seal – – – 3.0 3.0 45.0 2.0 – – 45.0 – 2.0MoO3 [123]
LSZH-03-1 8.88 5.42 – – – – 7.77 5.00 – 69.98 2.95 – [170]
LSZH-03-5 8.88 5.42 – – – – 24.05 5.00 – 53.70 2.95 – [170]
LZSL 12.65 – 2.95 – – – 1.85 1.2 3.8 74.4 3.15 – [171]
7056 0.9 0.4 8.4 – – – – 18.9 3.6 67.8 – – [157]
RC503 14.3 – 14.0 – – – – 7.6 – 58.3 3.5 2.3 V2O5; 0.1 CoO [41]
RC515 9.0 – 5.0 – – – 24.4 5.0 – 54.2 2.4 – [41]
S-glass 12.6 – 4.9 – – – – 3.2 5.1 71.7 2.5 – [126]
BPS-glass 13.4 – 2.9 – – – 2.0 1.1 3.7 74.1 2.8 – [126]
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16Ti þ 6P2O5 ! 4Ti4P3 þ 15O2"; ð10Þ
9Ti þ 3P2O5 ! 2Ti4P3 þ 7O2" þ TiO, ð11Þ
7Ti þ 6P2O5 ! 4Ti4P3 þ 14O2" þ TiO2: ð12Þ
Reactions (9)–(12) were shown to be inhibited by TiO2
formed on pre-oxidation of the Ti, and as a result, a well-
fused coating was found to form; however, a relatively
thick oxide coating was required to accomplish this, and
cracks tended to occur at the interface between the Ti and
TiO2 due to the low adherence between a thick oxide layer
and the metal. Firing under air rather than Ar was found to
reduce the evolution of oxygen by favouring reaction (8)
over reaction (9); however, the seals were still found to be
mechanically weak due to the continued presence of the
brittle Ti5Si3 phase. Firing at a lower temperature of
900 C did not produce a good seal due to rapid
crystallization of the glass powder which inhibited
sintering and prevented adequate wetting of the Ti
surface. Hong and Holland [26] also investigated the use
of a thin TiN layer on the surface of the metal, as a barrier
between the glass and Ti, by heating under nitrogen at
900–980 C. A porous microstructure was nevertheless
again observed due to the reaction:
10TiNðinterfaceÞ þ 6SiO2ðglassÞ ! 2Ti5Si3ðinterfaceÞ
þ 6O2" þ 5N2": ð13Þ
In the case of highly reactive metals, such as Ti, the use
of a traditional adherence promoting oxide can also make a
very large difference to the quality of the seal [1]. An
adherence promoting oxide has a lower energy of
formation than SiO2, so that it reacts readily with Ti to
give the required TiO2 at the interface. Use of CoO, for
example, leads to the following reaction:
TiðmetalÞ þ CoOðglassÞ ! 2CoðprecipitateÞ þ TiO2ðglassÞ: ð14Þ
Hong and Holland [26] reported that cobalt metallic
particles and a TiO2-rich zone could be observed at the
interface, and despite some Ti5Si3 still being detected,
formed via reaction [8], especially after long firing times of
up to 40 min, the glass–ceramic layer was less porous and
wetted the Ti well. The metallic Co precipitates in the
glass–ceramic near the interface and improves the bond
strength further by mechanical keying. The addition of
other oxides into lithium silicate-based glasses has also
been found to reduce the corrosion of Ti by the glass.
A calcium borosilicate glass with a coefficient of ther-
mal expansion of 8.7 9 10-6/K, which closely matches
that of Ti, was reported by Donald et al. [27]. Coating of Ti
by this glass was successful, but with scanning electron
microscopy (SEM) showing some surface crystallization
along the interface. A successful coating was also applied
to Ti using the same glass doped with Er2O3 (9.6 mol%).
This glass has a slightly higher coefficient of thermal
expansion, 9.6 9 10-6/K, but still provides a reasonable
match to Ti. In this case, the glass partially crystallized,
with the crystalline phase found to be rich in Er.
Brow and Watkins [28] prepared a number of seals to a
commercial silicate sealing glass at 950 C in an argon
atmosphere. A thin reaction zone of approximately 1 lm
thickness was noted to form, thought to be Ti5Si3 formed
via reaction (8). Despite the presence of the interfacial
layer, the silicate seals were noted to be hermetic and
exhibited reasonable mechanical properties. Analysis of the
fractured seals showed no silicide phase on the glass sec-
tions and very little glass remained on the metal sections.
This supports the previously suggested mechanism for the
low strength of Ti to silicate glass seals which is via poor
adhesion of the silicide to the glass. The quality of the seals
compared to previous work on Ti-silicate seal systems was
attributed to the relatively low-sealing temperature and
short-sealing times employed.
Boroaluminate-based glasses
Brow and Watkins also reported a number of non-silicate,
boroaluminate glasses for sealing to pure Ti and a a-phase
stabilized alloy of Ti [28]. Like the standard silicate-based
bonding glasses, these glasses also have the required
coefficient of thermal expansion, but the more highly
reactive constituents are absent, suggesting that high-
quality hermetic seals to Ti should be achievable. The
glasses also contained an alkaline earth oxide, either CaO
(CABAL glasses), SrO (SRBAL glasses) or BaO (BABAL
glasses). Sealing temperatures between 670 and 745 C for
10 min under argon were used, and high-quality hermetic
seals were obtained with no interfacial reaction products
detected by SEM in the sectioned seals; however, the
presence of Ti was detected in the glass *15 lm from the
interface, and XPS also indicated the possibility of a mixed
TiB2/TiO2 phase in the interfacial region. This phase was
suggested to form through the following reaction:
5TiðmetalÞ þ 2B2O3ðglassÞ ! 2TiB2ðinterfaceÞ
þ 3TiO2ðinterfaceÞ: ð15Þ
Unlike many of the alternative studies on bonding to Ti,
the mechanical properties of the seals were tested by
measuring the load required to fracture a simple seal
configuration. The boroaluminate seals were found to be
far superior to silicate seals, with approximately a 50%
greater load required to fracture the seal over an equivalent
silicate seal. The stronger adhesion of the boroaluminate
glasses was speculated to be due to two effects. Firstly, the
interfacial boride phase bonds more strongly to the glass
than the interfacial silicide phase; and secondly, a thinner
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interfacial reaction zone is formed with the boroaluminate
glass due to its lower reactivity, and this minimizes the
effects of any potential coefficient of thermal expansion
mismatch with the interfacial products.
Alkaline earth lanthanum borate glasses
A number of alkaline earth lanthanum borate glasses were
also developed by Brow for sealing to Ti and Ti alloys
[29]. The coefficient of thermal expansion for the glasses
was reported to be in the range 8.7–10.3 9 10-6/K. Seal-
ing to metals was carried out at 700–800 C, which was
about 150–200 C above Tg for the glasses, under a
nitrogen atmosphere. The product was a cylinder seal
comprising a Ti or Ti alloy outer housing with a central pin
of Mo, Pt or Ni–48Fe alloy. The helium leak rates of the
seals were tested and reported to be \10-9 cm3/s.
Coatings on Ti for biomedical applications
There are many studies prior to 2000 aimed at providing
biocompatible coatings on Ti for implant applications. For
example, a number of silicate-based glass coatings on Ti
and Ti6Al4V alloy have been prepared by Bloyer et al. and
Pazo et al. [30–32]. The compositions of the glasses are
given in Table 1. Coatings of thickness 25–150 lm were
prepared on the metal and alloy at temperatures between
700 and 1000 C. The quality of the glass-to-metal seal
was found to have a very high dependence on the firing
protocol of the sealing step, with high-quality, adherent
coatings obtained with firings at 800–850 C for \60 s.
The addition of TiO2 broadens the range of times and
temperatures that result in a high-quality seal. It proved
impossible to achieve a good coating using Bioglass due
to fast crystallization of the glass. No significant differ-
ences between the coatings on the Ti metal and Ti6Al4V
alloy were reported. It was concluded that for a high-
quality coating, a very thin interfacial layer is required, and
this can be achieved by strict control of the reaction con-
ditions. Similar experiments were performed using an
argon atmosphere during the sealing step [31]. The result
was no adhesion due to severe interfacial reactions between
the metal and glass. This highlights the fact that a TiOx
oxide layer is critical to control reactivity and produce
good adhesion between the metal and glass. Gomez-Vega
et al., Saiz et al. and Lopez-Esteban et al. [33–35] prepared
a large number of different glass compositions, see
Table 1, for sealing to Ti6Al4V alloy. The application of a
thin film of mesoporous silica by spin coating with a sol–
gel solution was also investigated [36]. The coatings were
fired between 700 and 860 C in air and between 650 and
850 C in nitrogen. These temperatures were noted as
being close to the recommended annealing temperature for
Ti6Al4V alloy [37]. No appreciable grain growth was
observed during the firings, which agrees with previously
published grain growth kinetics for the alloy [38]. High-
quality coatings were achieved using the glasses containing
56 mass% or more of SiO2. The optimum firing tempera-
tures were found to be between 800 and 840 C, with a
higher temperature required for higher SiO2 contents. Fir-
ing times were up to 1 min in air and 15 min in nitrogen.
Additional work has been reported using glass compo-
sitions with greater than 55 mass% SiO2. A coating of the
glasses 6P57 or 6P68 with Bioglass or hydroxyapatite-
embedded particles were used to coat a Ti6Al4V alloy by
firing at 800 C for 30 s [39]. A qualitative study of the
adhesion was performed using Vickers indentation in air,
indentation cracks regularly being used to study the adhe-
sion of coatings [1, 40]. For these coatings, the cracks
never propagated along the interface, but were driven into
the glass or across the particles. This confirms strong
adhesion between the glass and alloy substrate.
Alternative metals and alloys
There are many other early studies covering the bonding of
glasses or glass–ceramics to a wide variety of metals and
alloys. These include Pt, Cu, Ag, Au, Cr, Mo, W, Al, Ta,
Zn and Nb, together with alternative Fe- and Ni-based
alloys, as reported elsewhere [1]. Additional studies
include some early work on bonding glasses to Pd-based
alloys [41]. In this study, the alloys Paliney 7 (35Pd–30Ag–
14Cu–10Au–10Pt–1Zn) and Paliney M were successfully
sealed to alkali zinc silicate glasses.
More recent studies with relevance to specific seal
applications
SOFC alloys
Unlike earlier fuel cell designs, solid oxide fuel cells,
SOFC, are constructed entirely of solid materials. Solid
oxide fuel cells convert chemical energy into electrical
energy using hydrogen or a hydrocarbon-based fuel at
elevated temperatures in the range 650–1000 C, but
without the need for combustion. The process involves
electrochemical oxidation of the fuel in preference to
combustive oxidation. This results in higher efficiency and
cleaner operation compared to conventional combustion
processes and, in this era of high-energy requirements and
environmental concerns, this makes them a more envi-
ronmentally friendly option than, for example, conven-
tionally driven steam turbines or diesel generators. During
operation, a fuel and an oxidizing gas are combined via an
ion-conducting electrolyte. If hydrogen is used as the fuel
1982 J Mater Sci (2011) 46:1975–2000
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and air as the oxidizer, the only waste product is water.
Currently, there are two basic SOFC designs: tubular [42,
43] and planar. The planar design is generally considered
better than the tubular design, with advantages including
higher operating power and simpler construction. To
achieve high-power densities, the tubular design requires
the bundling together of individual units, whilst the planar
design requires the stacking of cells into a planar
arrangement. A disadvantage of the planar design com-
pared to the tubular design is that it requires high-tem-
perature gas seals to join the cells together to form the
stack. Schematic illustrations of a planar SOFC showing
the positioning of the seals are shown in Fig. 5. An indi-
vidual cell consists of the anode that may be cubic zirconia
or a Ni/cubic zirconia cermet, an electrolyte of yttria-sta-
bilized zirconia, Sr- and Mg-substituted lanthanum gallate,
or Gd-substituted CeO2, and a cathode that may be lan-
thanum manganate, LaMnO3, or a mixed LaSrCoFe-based
oxide. Cells are joined together via an interconnect which
may be a ferritic stainless steel or, for higher operating
temperatures, a doped lanthanum chromite ceramic. The
interconnect carries the current between the individual cells
and acts as a separator between the oxidant and fuel.
Individual cells are generally bonded to the next cell via a
glass or glass–ceramic seal, although other media have
been attempted including mica and ceramic fibre com-
posites [44, 45]. Brazing has also been employed for
sealing SOFC components [46]. The whole unit is con-
tained in a heat-resisting metal alloy housing, which may
be stainless steel or a Ni-based superalloy. An experimental
fuel cell stack is shown in Fig. 6. A variant on the SOFC is
the solid oxide electrolyzer cell that is used to generate
oxygen and hydrogen from steam and is likely to be an
integral part of many of the proposed Generation IV
nuclear energy systems.
Substantial work is in progress in the area of planar
SOFCs, and there have been many recent reports on the
development of glass- and glass–ceramic-to-metal seals
for SOFC applications. Reviews by Steele and Heinzel
[47], Fergus [48], Reis and Brow [49], Lessing [50],
Singh [51], Kilner et al. [52] and Mahapatra and Lu [45]
cover some of the work, with the emphasis on glass
compositions. Other SOFC components have recently
been reviewed by Singh and Minh [53], Weil et al. [54],
Weil [55], Steinberger-Wilckens et al. [56], Lessing [50],
Tucker [57] and Menzler et al. [58]. Fergus highlights
the stringent requirements for such seals which, during
fuel cell operation, and as noted above, are subjected to
high temperatures, together with aggressive environments
that are both oxidizing and reducing in nature, in
addition to thermal cycling stresses [48]. Glasses and
particularly glass–ceramics are ideal sealant candidates
as their properties including thermal expansion can be
Fig. 5 Schematic illustrations of planar SOFC construction.
a Exploded view. After www.spice.or.fisher/sofc. b Showing posi-
tioning of seals. Reprinted from Mahapatra and Lu [45], with per-
mission from Elsevier Fig. 6 SOFCs. Experimental unit. Julich Research Centre 13.3 kW
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tailored to be compatible with the other fuel cell mate-
rials. Glass–ceramics offer the additional advantage of
higher operating temperatures. Some compositions of
glasses employed as sealants in SOFC are summarized
in Table 2, and selected properties are provided in
Table 3.
Table 2 Some glass compositions investigated for SOFC sealants (mass%)
Glass code Composition (mass%) Reference
Na2O MgO CaO BaO SrO Cr2O3 ZnO B2O3 Al2O3 SiO2 Y2O3 La2O3 Others
Alkaline earth silicate
BCAS4 – – 9.2 55.6 – – – – 5.5 25.3 – – – [67]
BCAS5 – – 8.8 57.4 – – – – 5.4 22.1 – – – [67]
7A – 16.90 18.82 6.43 – – – – 2.14 47.88 – 6.83 1.0 NiO [66]
7(Sr)-2B – 16.92 18.83 – 4.35 – – 2.0 2.14 47.92 – 6.84 1.0 NiO [70]
7A-Cr – 16.82 18.72 6.40 – 0.5 – – 2.13 47.64 – 6.80 – [66]
10B – 16.48 18.34 6.27 – 0.5 – 2.00 2.08 46.67 – 6.66 – [74]
10C – 16.14 16.85 9.21 – 0.5 – 2.00 2.04 45.73 – 6.53 – [74]
G-18 – – 8.8 56.4 – – – 7.3 5.4 22.1 – – – [68, 83, 99, 110]
YSO-4 – – 3.7 – 42.2 – 2.7 9.3 – 27.2 14.9 – – [87]
Glass #27 – – 15.0 – 26.6 – 15.0 1.9 4.1 35.2 – – 2.2 TiO2 [65]
Mg1.5-55 – 8.9 – 50.7 – – – – – 40.4 – – – [62]
Mg1.5-40-5B-10Pb – 7.4 – 42.0 – – – 3.5 – 24.4 – – 22.7 PbO [62]
Mg1.5-40-15B-8Zn – 4.7 – 47.9 – – 7.5 12.1 – 27.8 – – – [62]
Alkali alkaline earth silicate
SACN 9–12 – 20–25 – – – – – 10–14 50–55 – – – [77, 81]
SACNZn 1.2 0.27 31.6 – – – 9.1 – 19.4 38.4 – – – [82]
Alkaline earth borosilicate
L2 – – – 47.4 – – – 10.3 9.0 17.7 – 15.6 – [59]
LO6 – – – 20.0 – – – 60.0 5.0 15.0 – – – [71]
LO9 – – – 50.0 – – – 30.0 5.0 15.0 – – – [71]
SrLaB – – – – 15.2 – – 20.5 9.0 3.5 – 51.8 – [91]
MA12 – 8.4 – – – – – 8.8 9.7 22.7 – 50.4 – [72]
VS1 – – – – 33.9 – – 15.2 – 26.2 24.7 – – [79]
VS2 – – – – 29.8 – – 13.4 – 23.0 – 33.8 – [79]
VM1 – 16.6 – – – – – 19.2 – 33.1 31.1 – – [79]
VM3 – 20.1 – – – – – 23.1 16.9 39.9 – – – [79]
BaBSi – – – 50.0 – – – 19.9 – 24.0 1.9 2.2 2.0 ZrO2 [108]
23 – – 6.6 46.7 – – – 8.1 2.4 19.7 – 16.5 – [68]
L09 – – – 68.6 – – – 18.7 4.6 8.1 – – – [71]
P00 – – – 25.3 – – – 15.1 10.1 49.5 – – – [71]
A2 – – – 60.6 – – – 12.6 5.0 21.8 – – – [73]
VS1 – – – – 33.9 – – 15.2 – 26.2 24.7 – – [79]
17 – 3.9 5.5 23.9 – – – 17.4 7.7 15.1 – 26.5 – [93]
Glass #59 – – – 34.3 23.2 – – 15.6 – 26.9 – – – [65]
A0 – – – 61.8 – – – 14.0 – 24.2 – – – [73]
A2 – – – 60.6 – – – 12.6 5.0 21.8 – – – [73]
Alkaline earth borate
14a – 20.0 20.0 10.0 – – – 40.0 10.0 – – – – [93]
MA1 – 8.1 – – – – – 33.9 9.4 – – 48.6 – [72]
BM1 – 10.5 – 45.6 – – – 43.0 – – – – – [72]
BMA1 (GC) – 6.0 – 6.7 – – – 32.2 8.9 – – 46.2 – [72]
BM2 (GC) – 9.7 – 50.1 – – – 40.2 – – – – – [72]
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Metals commonly employed as interconnects in fuel cell
designs include various austenitic and ferritic stainless
steels, for example, Fe20Cr and FeCrAlY alloys, in addition
to Ni-based superalloys, as summarized in Table 4, whilst a
range of glasses and glass–ceramics have been investigated
as potential sealing media. These are mainly based on
alkaline earth silicate compositions; for example, BaO–
Al2O3–SiO2, often with additions of various oxides
including B2O3, CaO, MgO, SrO, Na2O, La2O3, Y2O3,
TiO2, ZrO2, PbO, V2O5, NiO and MnO [59–74], together
with some BaO-free silicate glasses [74–89]. Low-silica
and silica-free borate-based compositions have also been
reported [90–93]. Some composite systems have also been
investigated; for example, MgO particle reinforced glass
[76], boron nitride nanotube reinforced glass [94], yttria-
stabilized zirconia nano- and micrometre-sized particle
reinforced glass [95], sodium and sodium-free silicate par-
ticle reinforced glass [96], silver reinforced glass [97] and a
novel glass composite containing a TiNiHf shape memory
alloy mesh [98]. In general, interfacial reactions do not
present serious problems during seal formation, although
problems associated with thermal expansion mismatch
between the metal and bulk glass–ceramic can occur, as
shown, for example, in Fig. 7 [67]. Reactions do, however,
become extremely critical during fuel cell operation, and
cell ageing is therefore an extremely important aspect [83,
99–114]. Alkali-containing glass–ceramics are generally to
be avoided due to the likelihood of pronounced glass–
ceramic–metal reactions during cell operation. The alkaline
earth aluminosilicate compositions are undoubtedly more
stable, although interfacial reactions may occur to a greater
or lesser extent; for example, reaction between the BaO-
containing glass–ceramics and stainless steel in the pres-
ence of oxygen to form BaCrO4 precipitates [99, 108], as
shown in Fig. 8. Similar reactions are noted for SrO [106]:
2Cr2O3 þ 4 Ba/Srð ÞO þ 3O2 ! 4 Ba/Srð ÞCrO4: ð16Þ
In the case of CaO–BaO–MgO–Al2O3–SiO2, glass–
ceramics alternative reactions have been noted including
Table 4 Composition of metallic alloys
Alloy Element (mass%)
Fe Ni Cr Co Ti/Zr Al Nb/Ta Mo Cu Si Mn C P Y/La Others
Crofer 22 Balance – 20–24 – 0.03–0.2 0.12 – – 0.5 0.5 0.3–0.8 0.03 0.05 0.04–0.2 –
JS-3 Balance – 23.1 – 0.05 \0.01 – – – \0.01 0.39 0.007 – 0.09 –
AISI446 Balance – 25.0 – – – – – – 1.0 1.50 0.20 0.04 – 0.25N,
0.03S
AISI441 80.68 0.20 17.6 – 0.18 0.045 0.46 – – 0.47 0.33 0.01 0.024 – 0.001S
AISI1040 Balance – 0.028 – – – – 0.019 – 0.20 0.74 0.41 0.024 – 0.032S,
0.001V
Fecralloy Balance – 22.0 – 0.1 5.0 – – – – – – – 0.1 –
Nicrofer
6025HT
9.5 Balance 25.0 – – – – – – 0.5 0.10 0.2 – – 2.1B
Ferritic T1 Balance 0.2 22.6 – 0.06 0.1 – – – 0.1 0.4 – – 0.1 –
Hastelloy-
XR
17.8 49.5 22.0 – – – – 8.7 – 0.33 0.88 – – – –
Nimonic
AE435
1.0 Balance 19–22 – 0.15–0.35 0.15 – – 0.07 0.8 0.7 0.12 0.015 – 0.10S
E-brite Balance – 26.5 – – – – 1.0 – – – – – – –
TIMETAL
834
– – – – 3.5 Zr
Balance Ti
5.8 0.7 0.5 – 0.35 – 0.06 – – 4Sn
Fig. 7 Cracking in SOFC glass–ceramic seal due to thermal expan-
sion mismatch. Reprinted from Ghosh et al. [67], with permission
from Elsevier
J Mater Sci (2011) 46:1975–2000 1987
123
the formation of MgCrO4 and Ca3Cr2Si2O8 precipitates, as
reviewed by Fergus [48], whilst for compositions which
contain ZnO or PbO reduction to the metallic state, which
will be liquid at the cell operating temperatures, has been
observed [62, 103]. Diffusion of metal constituents into the
glass or glass–ceramic through an interfacial zone is
common as shown in Figs. 9, 10 and 11. In addition, as is
now known from earlier work to be common for many
glass- and glass–ceramic-to-metals seals, reaction of Cr or
other reactive species with water present in the starting
glass or the operating environment may produce bubbles
within the seal interface [1, 99]. In the case of glass seal-
ants, partial crystallization during operation will lead to a
change in thermal expansion characteristics or mechanical
properties, which may be detrimental to cell operation
[112]. A sealing glass may also undergo some surface
crystallization, as is the case for SABS-0, a new boron-free
SrO–La2O3–Al2O3–SiO2 composition, and this may affect
overall cell performance in the longer term. Studies by Jin
and Lu [114] on the stability of this glass indicated that in
the form of bulk polished plates crystals of Sr2SiO4,
Al2SiO5 and Sr7Al12O25 formed in the surface of the glass
when heated in air, but the bulk of the glass remained
amorphous.
Many other effects are observed during ageing of seals
at temperature either in air or H2/H2O atmospheres, as
discussed in the article by Jin and Lu [113, 114], with a
comprehensive investigation of the compatibility between
AISI441 stainless steel and four different sealing glasses
reported. Glasses considered included a strontium borosil-
icate composition (YSO-4) with a glass transition temper-
ature of 713 C and thermal expansion 11.7 9 10-6/K; a
barium-rich boroaluminosilicate glass (G18) with Tg of
630 C and expansion 11.8 9 10-6/K, and which can be
easily partially crystallized to give a glass–ceramic mate-
rial with expansion 10.8 9 10-6/K; a barium- and boron-
free strontium lanthanum aluminosilicate glass (SABS-0)
with Tg of 755 C; and a sodium calcium boroaluminosi-
licate glass (SCAN2) with Tg of 545 C, which also par-
tially crystallizes. In this study, seals were prepared
between these glasses and the stainless steel, and subse-
quently subjected to extend ageing up to 500 h at 800 C in
air and an H2/H2O atmosphere. Microstructures of seals in
as-bonded and aged condition are shown in Fig. 12. It is
very clear that the SABS-0 glass provides the best option
under all conditions. Seals with the YSO-4 glass crystallize
during sealing to give a variety of phases including SrCrO4
by reaction with Cr diffusing from the metal. The G18
glass also reacts with Cr and Fe diffusing from the metal to
form BaCrO4 and BaFeSi4O10, respectively. Reaction with
diffusing Fe takes place in the case of the SCAN2 glass to
give Ca3Fe2(SiO4)3 and CaFe2O4 phases in the interfacial
region. On the other hand, very little reaction occurs in the
case of the SABS-0 glass, although some La2CrO6 pre-
cipitates are formed at the interface by reaction of La in the
glass with diffusing Cr. On ageing, this phase disappears
and is replaced by a Sr7Al12O25 crystalline phase.
Cracking within the bulk glass may also occur due to
differential thermal expansion between different phases, as
shown in Fig. 13 [72]. Similarly, for glass–ceramics, a
change in crystalline morphology and the formation of
voids during operation, as shown in Fig. 14, may also
affect the long-term properties [69]. Creep of the glass–
ceramic during service may also lead to long-term cell
degradation [83]. In the case of glass sealants, maximum
operating temperatures will be limited by Tg of the glass.
For glass–ceramics, on the other hand, higher operating
temperatures will generally be possible, and it has also
been suggested that self-healing may occur during thermal
cycling, whereby cracks or voids generated during cooling
may restore mechanical performance [73, 85, 105, 115–
117]. A novel seal design utilizing glass containing a
NiTiHf shape memory alloy mesh has also been suggested
as beneficial to self-healing [98]. Stresses resulting from
Fig. 8 Reaction at seal edge
between glass and metal to form
BaCrO4 precipitates. Reprinted
from Peng and Zhu [108], with
permission from Elsevier
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thermal expansion changes of the glass due to crystalliza-
tion under prolonged heating are subsequently relieved by
transformation of the alloy from an austenitic to a mar-
tensitic structure. It has been noted, however, that when
using SABS-0 with NiTiHf alloy, severe interfacial reac-
tions may occur [117]. Reinforcement of glass with silver
has also been found beneficial in promoting self-healing
[97].
The majority of reactions that occur are detrimental to
fuel cell operation and lifetime behaviour. Internal oxida-
tion and grain boundary attack of the metal components
themselves may also occur during operation and this can
cause swelling of the metal, leading to interface failure
[103]. It is important that these reactions are avoided or
minimized and it has been noted, for example, that
unwanted interactions between stainless steel and glass–
ceramics can be minimized by applying a thin plasma-
sprayed coating of zirconia to the steel prior to sealing
[103]. Pre-oxidation of the metal components prior to
sealing has also been found to be beneficial in minimizing
diffusion of Cr and Fe into the glass–ceramic both during
sealing and during cell operation [77, 78], as illustrated in
Fig. 15.
The electrical resistance of the sealing glass or glass–
ceramic is of course also of great importance [76, 87], in
particular the way in which this may change with tem-
perature. A plot of resistance against temperature for a
glass sealant is shown in Fig. 16 [76]. In an attempt to
prevent the build up of Cr onto the cathode material due to
volatilization from the interconnect during cell operation,
coatings of (Mn, Co)3O4 spinel have been applied to
Cr-containing interconnect alloys [118]. Although this is
effective in stabilizing the electrical characteristics of the
cell, unfortunately this coating is not normally fully com-
patible with the sealing glasses employed; however, recent
work has shown that a second coating of alumina can
alleviate this problem [119].
Commercial sealing glasses suitable for SOFC applica-
tions are available; for example, from Schott [120], and
also from such companies as GE, Siemens and Kyocera.
Other high-temperature seals
Thermal barrier coatings are required to protect Ni-based
superalloy components in advanced gas turbine and diesel
engines which operate at higher temperatures and with
reduced air cooling relative to conventional engine com-
ponents [121–123]. Recently reported coatings for these
applications include those based on magnesium and zinc
Fig. 9 Interface between Crofer22APU alloy and glass with line
scans for Cr, Fe, O, Mg and Ba. Reprinted from Ghosh et al. [72],
with permission from Int. J. Hydrogen Energy
Fig. 10 Interface between Crofer22APU alloy and diopside glass–
ceramic with line scans for Cr and Ba. Reprinted from Goel et al.
[66], with permission from Elsevier
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aluminosilicate glass–ceramics, together with hybrid alka-
line earth zinc molybdenum silicate glass–ceramic/yttria-
stabilized zirconia composite coatings [121]. Additional
coatings include basalt-based glass–ceramics prepared
from waste materials including fly ash and which can be
plasma sprayed onto steel substrates to provide wear and
abrasion resistance or thermal protection [124]. Thermal
barrier glass–ceramic coatings from the Na2O–CaO–
Al2O3–SiO2 system have also been successfully applied to
Ti alloys with particularly good results, as shown in Fig. 17
[125]. Recent work on the sealing of thin slices of lithium
silicate based S- and BPS-glasses to a variety of Ni-based
superalloys for potential high-temperature applications has
been reported by Bengisu et al. [126]. The alloys included
Inconel 600 and 718, Haynes 230 and Hastelloy C-276. It
was noted that the BPS glass, which contained 2 mass%
ZnO, bonded successfully to all the alloys, whilst the
S-glass only sealed successfully to Inconel 600. The
influence on seal integrity of heating in air in the range
700–900 C for 100 h was subsequently monitored. It was
noted that all the successful seals failed at 900 C, whilst
all remained intact at 700 C. At 800 C, only the seals to
Inconel 600 remained intact. It was concluded that the
presence of ZnO in the starting glass improves the bonding
characteristics by providing a thin Zn-rich interfacial layer
that helps prevent excessive reaction at the interface.
Overall, the BPS glass was considered suitable for sealing
to the alloys in question for applications up to 800 C in
air. A double layered glass–ceramic applied to a Ti alloy
for improved oxidation resistance at temperatures up to
around 800 C has also been reported recently [127]. A
recent review of ceramics employed in heat exchangers
also makes reference to glass sealants [128].
Coatings on Ti for biomedical applications
As noted earlier, there is a high-demand for metallic
materials to be used in the medical industry as prosthetic
implants due to their advantageous mechanical properties,
and interest in coatings for these materials has increased
over recent years. As a result of their high-strength, low-
density and non-toxicity, the use of Ti and Ti alloys for
prostheses has now become very wide spread. To improve
the prostheses adhesion to bone and minimize corrosion of
the metal a bioactive glass, glass–ceramic or hydroxyapa-
tite, Ca10(PO4)6(OH)2, can be applied as a coating [129–
132]. Verne´ et al. prepared a double layer coating of a glass
and glass–ceramic on Ti6Al4V alloy [133]. The alloy was
first coated with glass 6P61, using a thermal treatment of
15 s at 840 C. The second coating consisted of a glass–
ceramic with the composition (in mass%) 26.2 SiO2, 17.9
Al2O3, 17.5 P2O5, 19.6 CaO, 10.5 K2O and 8.3 F (added as
Na3AlF6 and K3AlF6) designed to be more bioactive than
the first layer glass. It was added using an additional
thermal treatment at 950 C for 30 s. Analysis showed a
high-degree of adhesion and absence of a detrimental
reaction layer between the glass and the alloy even after the
second higher temperature firing. Pavon and Pavon et al.
have also used indentation techniques to study the adhesion
between a glass and Ti6Al4V alloy [134–137]. Glass 6P64
was bonded to the alloy between 800 and 820 C. The
interfacial response to monotonic and cyclic Hertzian
indentation was investigated and compared to the 6P61
glass. Microstructural analysis of the interfaces showed
some porosity caused by the evolution of oxygen gas via
reaction (9), the degree of porosity increasing as the firing
time was increased. The glass with the lower SiO2 content
was found to have a higher degree of residual stress due to
the greater thermal expansion mismatch. Alternative
methods for applying a glass or glass–ceramic coating have
also been investigated. For example, Stojanovic et al. have
used electrophoretic deposition (EPD) to coat Ti6Al4V
alloy with a silicate-based glass [138]. EPD is a colloidal
process wherein ceramic bodies or coatings are shaped
directly from a stable colloid suspension by a dc electric
field [139, 140]. Pulsed laser deposition has also been used
to coat Ti substrates with silicate-based bioactive glasses
[141].
Mixed leucite glass, hydroxyapatite and CaF2 glass–
ceramic systems have been prepared by Kulinich et al. for
Fig. 11 Interfaces between
sealing glass, YSZ and
Crofer22APU alloy. Reprinted
from Smeacetto et al. [82], with
permission from Elsevier
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coating Ti [142]. The coatings were found to be low in
porosity, with a uniform distribution of the crystalline and
amorphous phases. Mixed apatite/wollastonite coatings
have also been applied to Ti alloys by Cannillo et al. [143]
and bioactive coatings to a Ti–Nb–Ta–Zr alloy by Li
et al. [144]. Bibby et al. reported successful application of
Fig. 12 Interfaces between
AISI441 stainless steel and
various glasses before and after
treatment at 800 C. (A) YSO-4
glass in air: (a) as-bonded,
(b) 100 h, (c) 200 h, (d) 500 h.
(B) SABS-0 glass, (a–d) as
above. (C) YSO-4 glass in
H2/H2O atmosphere: (a) 100 h,
(b) 200 h, (c) 500 h. (D) SABS-
0 glass in H2/H2O atmosphere,
(a–c) as above. Reprinted from
Jin and Lu [114], with
permission from Elsevier
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a thin coating of the Ti6Ti4V with a fluorapatite–mullite
glass using EPD and sputtering [145–147]. The result
was a stable, dense, adherent and homogeneous coating.
A sedimentation and heat treatment process was also used
by Stanton et al. to coat Ti with a fluorapatite–mullite
system [148]. A combination of SEM, TEM and selected
Fig. 12 continued
1992 J Mater Sci (2011) 46:1975–2000
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area diffraction was used to study the interfaces, which
were found to be complex and non-planar and contain
titanium silicide. A bioactive glass based on MgO–CaO–
P2O5–SiO2 was used to coat Ti by Mardare et al. [149]
employing RF magnetron sputtering, followed by a heat
treatment of 30 min at 950 C to crystallize the glass. The
amorphous coating (prior to crystallization) gave better
adhesion, cracking being evident from the SEM images
after the crystallization step. Vitale-Brovarone and Verne´
coated Ti6Al4V alloy with a glass from the SiO2–CaO–
K2O system using a simple enamelling and glazing tech-
nique [150]. A short firing time was used to prevent over
reaction at the interface. The highest quality coatings were
obtained with a thermal treatment at 900 C for 60 s.
Double layer coating of Ti6Al4V alloy with a glass,
glass–ceramic or hydroxyapatite particles has been repor-
ted by Garcia et al. [151]. They used a CaO–SiO2–P2O5
glass system with a firing temperature of 1050 C for 2 h to
Fig. 13 Microstructure of glass–ceramic exhibiting cracking due to
differential thermal expansion between different phases. Reprinted
from Ghosh et al. [72], with permission from Elsevier
Fig. 14 Glass–ceramic before (a) and after (b) ageing at 750 C for
1000 h. Formation and coalescence of voids (black areas in the
micrograph) up to around 2 lm in size appear in the glass–ceramic
after ageing. Reprinted from Stephens et al. [69], with permission
from Elsevier
Fig. 15 Seal between Fe20Cr alloy and glass–ceramic with EDS line
scan for Cr. a Pre-oxidized metal. b Unoxidized metal. Note diffusion
of Cr into the glass–ceramic is greated in the case of the unoxidized
sample. Reprinted from Smeacetto et al. [77], with permission from
Elsevier
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produce the glass–ceramic. Homogeneous, crack-free
double-layer coatings were prepared first using the glass
followed by either the glass–ceramic or hydroxyapatite.
Schrooten and Helsen, Schrooten et al. and Helsen et al.
have investigated using a bioactive glass (SiO2–CaO–
Na2O–P2O5–CaF2) coating on Ti6Al4V alloy for potential
applications as oral implants [152–154]. They used reactive
plasma spraying to coat the alloy, a technique that trans-
forms crystalline-based products into a glass coating.
Adhesion tests showed the interface to remain intact after
the coating had been crushed. It was concluded, therefore,
that the interface was stronger than the bulk of the glass
coating. Britchi et al. used simple enamelling techniques to
successfully coat Ti with a calcium borosilicate glass [155].
In an attempt to improve the strength of the coating and its
adherence to the substrate, 0.1–0.2 mass% of Ti particles
20 lm in size were added to the glass. Investigation of the
properties of the modified coating noted some success.
Kasuga et al. have reported coating an a-alloy of Ti
(Ti29Nb13Ta4.6Zr) with a calcium phosphate-based glass–
ceramic (60CaO–30P2O5–3TiO2–7Na2O) [156]. Heating at
800 C for 60 min in air was used for joining, to give a
tensile bonding strength of *20 MPa. SEM showed no
serious cracks or defects in the coating; however, many
pores of several micrometres in size were observed. In
general, the use of silicate-based glasses has produced a
wide variation in results, with reports in the literature
ranging from no bond to very good bonding; however, the
trends would appear to be relatively straightforward to
explain. If the seal is produced at temperatures in excess of
the a-to-b-transition temperature, there is a high-probabil-
ity of failure, due to the volume change during the transi-
tion and the formation of an excessively thick reaction
layer of Ti5Si3. It should be noted that when modest tem-
peratures (in the region of 800 C) and short sealing peri-
ods (less than a few minutes) are used, excellent results
have been reported. This has been attributed to a thin
reaction layer, which is consistent with the generally held
theory that a thin layer of an intermetallic nature produces
a transition in bond type between the metal and the glass/
ceramic.
Seals for high-performance electrical and electronic
components
Both glass- and glass–ceramic-to-metal seals are employed
in electrical feedthrough connectors for such applications
as sensors, vacuum valves, transducers, microwave com-
ponents, aircraft and spacecraft instruments, gyroscopes,
engine control systems, high-pressure connectors, lightning
arrestors, detonators and explosive actuators, batteries,
biomedical components including heart pacemakers, lamps
and lasers [1]. Coatings are also employed in electronic
substrates. Most electronic packages employ glass-to-metal
seals [1], although glass–ceramics may be used where a
higher temperature capability is required. More recent
work includes sealing of an alkali boroaluminosilicate
glass to Kovar for use in MEMS (Micro-Electronics
Mechanical Systems) packages [157].
Seals for battery applications
A number of different battery designs employ glass-to-
metal seals. These include Na–S, Na–SO2, Na–alkali
halide–S, Na–NiCl, Li–SO2, Li–SOCl2, Li–MnO2, Li–I
and Li–Cr2O3 batteries [1]. Na–S batteries are currently
Fig. 16 Plot of specific electrical resistance against temperature for
glass-MgO composite sealing medium. Reprinted from Sakuragi et al.
[76], with permission from Elsevier
Fig. 17 Glass–ceramic coating on TIMETAL834 Ti alloy. Reprinted
from Moskalewicz et al. [125], with permission from Elsevier
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employed in many areas including power load-levelling
applications at a number of Japanese power stations and as
emergency power sources. Lithium batteries are also used
in many applications from heart pacemakers and portable
diagnostic equipment to electric vehicles.
The Na–S battery, for example, normally operates at
300–350 C, although lower operating temperatures are
possible with some early designs [158], and utilizes a
molten Na cathode and a molten S anode together with a
solid b-alumina electrolyte, as reviewed by Oshima et al.
[159]. The Na batteries require hermetic and corrosion
resistant seals to provide containment for the molten
materials and electrical isolation between the battery case
and cathode. Early work included the use of sodium
borosilicate glass compositions and glasses containing
CaO, SrO or BaO [160]. Silicate-based glasses are not,
however, ideally suited to this application and are prone to
reaction between the glass and Na to form electrically
conducting silicide phases that lead to short battery life-
times. Later work concentrated on silicate-free composi-
tions including a sodium borate-based glass containing
Cs2O [161] and alkaline earth aluminoborate compositions
[88]. More recent work has returned to examine borosili-
cate-based glasses, with Bi2O3-doped borosilicate glass
compositions showing particular promise [162], together
with new glass–ceramic compositions [163]. The newer
Na–NiCl battery, which evolved from the earlier Na–S
battery, also utilizes a molten Na cathode but with an
anhydrous solid NiCl anode [164], and this design also
poses similar sealant compatibility issues.
Many of the Li batteries face similar problems in terms
of compatibility between the glass sealants and battery
components [1, 165]. An early study of glass seal corrosion
in, for example, Li–SOCl2 batteries examined the com-
patibility of a number of commercial sealing glasses with
stainless steel, Mo and Fe–Ni alloys typically employed in
battery construction [166]. It was found that glasses of
high-silica content were particularly susceptible to glass
corrosion, but that SNLA’s TA-23 glass and Fusite’s 402/
425 low-silica glasses provided the most corrosion resistant
seals.
Seals for other applications
Glass-to-metal seals are employed in solar absorber tubes,
these being a major component in parabolic trough solar
thermal power systems. The tubes convert the solar energy
into thermal energy and comprise a coated metal pipe to
absorb the heat, surrounded by an evacuated glass envelope
with tubular end seals. A typical example is depicted
in Fig. 18. Fracture of the glass-to-metal seals during
service is the main cause of failure in these systems [167,
168]. Finite element analysis has been carried out for
Kovar-to-Pyrex seals consisting a glass tube with outer
diameter of 104 mm, wall thickness 3 mm and length
150 mm, to determine the stress distributions in the seals.
Analysis has indicated that use of a metal ring with roun-
ded rather than blunt ends or thinning of the metal in the
seal area (classic Housekeeper seal) reduces the residual
stresses in the seal. In addition, as illustrated in Fig. 19, the
depth of embedded metal, L, should be kept less than 8 mm
to minimize stresses.
Recent fundamental studies
Seals to pure metals, Fe, Ni and Cr
Little work has been reported on the sealing of glasses or
glass–ceramics to the pure metals Fe, Ni and Cr, despite the
fact that these metals are major constituents of many
commercially important alloys, including stainless steels
and Ni-based superalloys, although there is an early report
on bonding to Cr [169]. This general lack of data for the
pure metals makes it more difficult to identify the diffusion
characteristics of individual metals without the compli-
cating influence of multiple element diffusion. Studies on
individual elements are therefore desirable to be able to
characterize their independent behaviour.
In a recent investigation in this area [8, 9], seals have
been prepared between a LZS glass and high-purity Fe, Ni
Fig. 18 Schematic illustration of solar absorber tube showing
position of metal/glass seals. Reprinted from Lei et al. [167], with
permission from Elsevier
Fig. 19 Solar absorber tube seal geometry showing seal arrangement.
Reprinted from Lei et al. [167], with permission from Elsevier
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and Cr metals, and the diffusion of these metals into the
glass as a function of temperature and time and their effect
on the crystallization behaviour monitored. Line scans and
spot analyses were performed by EDS, from which the
maximum depth of diffusion of each metallic element was
estimated. Of the three metals investigated, the diffusion
distance associated with Fe at the sealing temperature is
very much greater than that of Ni or Cr, as seen in Fig. 20.
This strongly suggests that Fe is diffusing into the glass as
Fe2?. On the other hand, Cr diffuses only a relatively short
distance, suggesting that it is diffusing predominantly as
Cr3?. No significant interfacial reactions were noted, as
observed in Fig. 21; however, an interesting anomaly was
found for some of the seals to Cr which were prepared by
placing the seal assemblies on a Cu plate in the sealing
furnace. In this instance, precipitates were observed along
the interface, which were rich in Cu and Zn, and the metal
adjacent to the interface appeared porous, as observed in
Fig. 22. Later seals were prepared on Pt, and no such
reactions were observed.
Seals to other metals
Renewed interest has also recently been shown in LZS
glass–ceramics for sealing applications [170, 171]. In these
studies, it was confirmed that the thermal expansion of
the glass–ceramics is dependent on the thermal cycle
employed. For a cylinder/pin seal, it can be seen that
extensive diffusion occurs on a macro scale around the
copper pin, as noted in Fig. 23. New ferritic stainless steels
have been developed for glass-to-metal sealing in which a
double oxide layer consisting of Cr-rich inner and spinel-
rich outer regions can be formed with good bonding
characteristics to both substrate and glass [172]. Similar
oxide layers can be formed on Hastelloy-XR alloy with
good seals produced [173]. Anodic bonding of an alkali
silicate glass containing small additions of Al2O3, ZnO and
P2O5 to stainless steel for potential applications involving
the encapsulation of sensors has also been reported recently
[174].
Discussion
It is now well established that the starting glass composi-
tion and processing conditions exert a very strong influence
on the properties of seals and coatings, with interfacial
reactions playing a very important role. In the case of
electrical feedthrough seals, it has been found that small
additions of transition metal oxides to the starting glass can
Fig. 20 Diffusion of Fe, Ni and Cr in Fe/LZS, Ni/LZS and Cr/LZS
glass–ceramic seals as a function of time at 950 C. Authors’ data
Fig. 21 Interfaces between pure metals and LZS glass–ceramic
sealed at 950 C for 15 min. a To Fe, b Ni and c Cr
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influence seal quality by modifying interfacial reactions.
Alternatively, pre-oxidation of the metal components can
also influence seal quality by hindering the diffusion of
metallic species into the interfacial zone, although it is
essential that the appropriate substrate metal oxide is
formed during the pre-oxidation stage, i.e. an oxide with
low solubility and low diffusivity in the glass in question.
The influence of pre-oxidation on metal diffusion charac-
teristics has also been noted in the case of SOFC seals
although, as noted, the oxidation state of the substrate
oxide is critical. As also highlighted, self-healing of glass–
ceramic seals in SOFC is an issue of topical interest, and
successful application may facilitate longer fuel cell life in
service. Other factors affecting seal quality include, of
course, the surface cleanliness of the starting materials and
the amount of water dissolved in the starting glass. A study
of the influence of surface cleaning treatments and how
these affect seal quality has, for example, been reported by
Donald et al. [175].
When sealing to the pure unoxidized metals, extensive
diffusion of Fe and to a lesser degree Cr into lithium zinc
silicate glass has been observed, whilst Ni diffusion is less
severe [8, 9]. Noteworthy is the fact that there is little
evidence for interfacial reactions in the case of pure Fe or
Ni and only minor reaction for Cr. This is in marked
contrast to seals to the multi-component metal alloys,
where reactions occurring in the vicinity of the interface
are often far more extensive. The anomalous sealing
behaviour noted for LZS seals to Cr when heat-treated in
contact with copper, in which CuZn-rich precipitates are
formed at the Cr/glass interface, suggests that reactions can
occur between constituents of a glass and specific metal
species in the presence of additional metal species, and this
may explain the differences noted between sealing to pure
metals and sealing to complex alloys [8, 9]. The precise
reason why these apparent differences occur is presently
the subject of additional studies.
A large amount of work has been reported on the
coating of bioactive silicate based glasses onto both Ti
and Ti6Al4V alloy. The reactivity issues can be mini-
mized by very strict control of the reaction conditions and
use of short heating times in nitrogen. The optimum
temperature to provide good wetting and avoid excessive
interfacial reactions has been noted to be around
800–850 C. Good adhesion can be achieved using glasses
with greater than 56 mol% SiO2, and these glasses also
provide a reasonable match between the coefficients of
thermal expansion, but undesirable interfacial reactions
need to be avoided. On the other hand, many of the results
using silicate-based glass–ceramics have been unsuccess-
ful. This may be attributed not only to the difficulties
associated with sealing to this reactive metal, but also in
the case of glass–ceramics to the need to heat treat the
glass to nucleate and crystallize it to form the glass–
ceramic. This is likely to promote excessive amounts of
reaction products at the interface. Other glass systems
have been reported, which show considerable promise for
sealing to Ti. The alkaline earth boroaluminate glasses, for
example, may produce good quality seals that are signif-
icantly superior to silicate-based analogues. The coeffi-
cients of thermal expansion of these glasses are also
similar to that of Ti metal and almost an exact match for
the Ti6Al4V alloy. The use of calcium borosilicate and
alkaline earth lanthanum borate glass has also been
reported to produce good quality seals to Ti metal. The
role played by the design of the test sample and final
component is also of critical importance. In many cases
reported in the literature, the test sample has been based
on that required for sessile drop measurement, formed by
placing the molten glass in direct contact with a flat plate,
Fig. 22 Anomalous seal between Cr and LZS glass–ceramic showing
the presence of CuZn-rich precipitates along the interface
Fig. 23 Cylinder/pin seal between SS321 stainless steel/Cu pin and
LZS glass–ceramic. Note the extensive diffusion region around the
pin. Reprinted from Goswami et al. [171], with permission from
Elsevier
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and in many cases this may result in the generation of
tensile stresses and lead to misleading results.
There is every reason to believe that a ‘‘successful’’
bond can be produced between glasses and metals with
judicious material selection and sample design, in combi-
nation with controlled sealing cycles. In conclusion, a
thorough understanding of the interfacial reactions at a
glass- or glass–ceramic-to-metal interface is required to
create the conditions necessary to produce an acceptable
seal. In addition, the importance of design should not be
underestimated, with poor design usually associated with a
mismatch in thermal expansion, consequently producing
tensile stresses in the glass/ceramic component. A suc-
cessful design seeks to place the interface in compression
in addition to avoiding stress concentrating influences as
associated, for example, with poor geometrical design.
When designing components, it is therefore essential to
understand the relationship between the physical properties
of the bulk materials, the potential for any interfacial
reactions, the final stress state of the bonded component,
and how these may be affected by the operating conditions
of the final component during service.
Conclusions
1. There has been a recent, strong revival of interest in
glass- and glass–ceramic-to-metal seals and coatings,
driven, for example, by the requirements for improved
SOCF seals and coatings for biomedical implants.
2. Glass–ceramics are versatile materials whose proper-
ties, in particular thermal expansion, can be tailored,
thus making them ideally suited to applications
requiring specific thermal expansion characteristics
including bonding to a wide variety of metals and
alloys.
3. To ensure confidence in an adequate component life,
interfacial reactions and diffusion of both metallic and
glass species must be minimized.
4. The drive towards the development of a superior seal
for SOFCs continues, with many new glass composi-
tions investigated and with the issue of self-healing
being of topical interest.
5. A comparison between sealing to pure metals and
multi-component alloys highlights differences in the
behaviour and suggests that it is more likely for
deleterious reactions to occur in alloy systems. For
particular metallic species such as Fe or Cr, this may
be due to the influence of additional metal species in
the interfacial zone, these helping to promote these
reactions. Deleterious reactions can, nevertheless, be
minimized through careful control of the processing
conditions or starting glass composition.
Acknowledgement  British Crown Owned Copyright 2010/MOD.
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